Epithelial structures, such as the wing hairs and ommatidia in Drosophila, are aligned in the plane of the epithelium. This planar polarity requires the transmembrane receptor Frizzled. Recent studies have shed new light on mechanisms that could be involved in generating or transducing the polarity signal. The eyes, wings and legs of Drosophila develop from imaginal discs, the sac-like epithelial sheets that are formed from invaginations in the embryonic ectoderm. The discs retain pattern information from the embryo, manifested in gene expression patterns; for example, the engrailed gene is specifically expressed in a posterior domain. This information is then elaborated during larval development through the sequential establishment of organising centres where key signalling molecules are produced (reviewed in [1]). As a consequence, cells acquire morphological characteristics appropriate for their position. Furthermore, the structures formed are always oriented with a certain polarity within the plane of the epithelium: the hairs on the wing all point towards the distal edge, and the ommatidia in the eye have their apices pointing away from the equator (Figure 1; reviewed in [2] ).
The eyes, wings and legs of Drosophila develop from imaginal discs, the sac-like epithelial sheets that are formed from invaginations in the embryonic ectoderm. The discs retain pattern information from the embryo, manifested in gene expression patterns; for example, the engrailed gene is specifically expressed in a posterior domain. This information is then elaborated during larval development through the sequential establishment of organising centres where key signalling molecules are produced (reviewed in [1] ). As a consequence, cells acquire morphological characteristics appropriate for their position. Furthermore, the structures formed are always oriented with a certain polarity within the plane of the epithelium: the hairs on the wing all point towards the distal edge, and the ommatidia in the eye have their apices pointing away from the equator (Figure 1 ; reviewed in [2] ).
Although several of the elements that are involved in establishing this planar polarity have been identified, there is a missing link, 'Factor X', which actually carries the information for planar polarity between the cells. A paper recently published in Current Biology [3] suggests that Four-jointed, a putative secreted protein, could be part of this missing link. Two other papers [4, 5] discuss how the elaboration of planar polarity may rely on an asymmetrical distribution in the activity of two proteins, Frizzled and Flamingo, within the cells that receive the Factor X signal.
Receiving the planar polarity signal
The ommatidia in the Drosophila eye each contain eight photoreceptors, R1 to R8, which are arranged in a trapezoidal pattern in the adult eye. The ommatidia in the dorsal half of the eye point in the opposite direction to those in the ventral half (Figure 1) , and the line of mirror image symmetry is called the equator. For the ommatidia to orient correctly they require Frizzled activity in the R3/R4 photoreceptor pair, located at the anterior end of each developing ommatidial cluster [6] . Under normal conditions, the R3 cell is the one closest to the equator at the time when the clusters first form, and it is suggested that the equator -equivalent to the dorsal-ventral boundary -is the source of the putative signal, Factor X, that leads to differential activation of the seven-pass transmembrane receptor Frizzled within the presumptive R3/R4 cells (reviewed in [7] ). This subsequently determines the rotation and asymmetry of the ommatidium (Figure 1 ).
Recent mosaic analysis, using transgenes expressed at a specific stage in ommatidial development to modify the dose of frizzled, has extended previous observations to show that the cell with the higher level of Frizzled adopts the R3 fate [5] . If, as is supposed, Frizzled is a primary recipient of the Factor X signal, these experiments identify the period when the signal is necessary, as the transgene is only transiently active after the cells are recruited to the ommatidium. The differential in Frizzled activity is translated into distinct cell fates through its regulation of the Notch-Delta pathway and two slightly different models have been put forward to account for this ( Figure 2 ).
Figure 1
Organisation of the wing and eye imaginal discs and the polarity of resulting adult structures (ommatidia in the eye and hairs in the wing). Note that only the dorsal surface (green) of the wing is visible. For the eye, the orientation and rotation of a single ommatidium on either side of the boundary is also shown (numbers refer to the photoreceptors). Blue line, dorsal-ventral boundary; green, dorsal compartment; purple, ventral compartment.
In one model, the difference in the levels of Frizzled between the R3 and R4 cell is the important factor, with Factor X promoting slightly higher activity of Frizzled in R3, resulting in more Delta activity [5, 8, 9] . The second model suggests that the differential in Frizzled activity across each cell is important, and that this translates into a differential distribution of Notch availability, with the position of highest Frizzled activity corresponding to the domain of lowest Notch availability [5] . In this case, it is argued that Factor X is inhibitory to Frizzled, which would mean that, at the sites of cell-cell contact, R4 would have a greater amount of available Notch than R3 ( Figure 2 ). In frizzled mutants there is greatly reduced Notch signalling between R3 and R4 [8] . So for this model to be correct, the high but equal distribution of Notch across both R3 and R4 in frizzled mutants would have to preclude effective signalling.
Frizzled is required for reception of the planar polarity signal in all tissues, and relative levels of Frizzled activity are critical in determining the orientation of wing hairs as well as that of the ommatidia. When ectopic Frizzled activity is induced in the wing, either at the distal tips or at the anterior-posterior boundary, the polarity is altered and the hairs produced are oriented from high to low Frizzled activity [10] . This may be mediated by the protocadherin Flamingo -also known as Starry-night [11] -which is localized to proximal-distal cell boundaries in a way that is dependent on Frizzled activity [4] .
When Flamingo is produced ectopically, hairs are oriented in the opposite relative direction than with ectopic Frizzled -from low to high Flamingo activity -suggesting that higher Frizzled activity normally results in lower Flamingo activity. It is not clear, however, whether it is the relative Frizzled levels within each cell that are important or the relative levels at adjacent proximal-distal cell membranes. Whichever is the case, it appears that differential Frizzled activity on the proximal and distal sides of each cell is fundamental in coordinating the organisation of the cytoskeleton that initiates hair formation (Figure 2 ).
The idea that the read out of polarity depends on the subcellular distribution of Frizzled is attractive, as it can account for the effects in both the wing and the eye. The hint that transmembrane proteins such as Flamingo are also involved in planar polarity in the eye adds further support to this model. But to distinguish between the models we need to identify the factors that regulate Frizzled activity, and these have so far proven elusive. Alternative models to explain how polarity is transmitted in planar epithelial tissues of the eye and wing. Both models are based on a gradient of differential Frizzled activity: in one case the gradient is across each cell, in the other it is between cells. In the eye, Notch and Delta are involved in converting the planar polarity signal to distinct R3/R4 cell fates. N indicates proposed effects on Notch activity, with the larger font indicating greater availability; Dl indicates proposed effects on Delta. The outcome is the same for either model. In the wing, Flamingo localisation to proximal-distal cell boundaries is dependent on Frizzled activity and Flamingo is required for normal polarity. Graded colour indicates Frizzled activity; the dark green line depicts Flamingo localisation; stippled lines indicate the side of the cell proposed to have lower Flamingo activity. In the upper panel, it is the differential Frizzled activity across a cell that affects Flamingo. In the lower panel, it is the differential between the distal side of one cell and the proximal side of the next.
Role of Four-jointed
The four-jointed gene encodes a novel type II membrane protein that may be cleaved to produce a secreted signal, in a similar manner to Hedgehog [12] . In the larva, four-jointed is expressed in the wing field, at the boundaries of the tibia and first tarsal segment in the leg, and in a graded pattern in the eye, with highest levels at the equator [12, 13] (Figure 3 ). Loss-of-function four-jointed mutations affect proximal-distal patterning, reducing cell number in the proximal wing and deleting a joint between tarsal segments in the leg.
The graded distribution of four-jointed expression in the eye led Zeidler et al. [3] to investigate whether four-jointed has a role in planar polarity. Loss-of-function four-jointed mutations cause rare polarity defects -1 out of 400 ommatidia were found to be inverted in the mutants. When clones of mutant cells were induced in otherwise wild-type eyes, however, the effects on polarity were more dramatic ( Figure 3) . The strongest phenotypes were observed when clones were located close to the equator, with polarity inversions detected in several ommatidia on the polar side of the clone. Conversely, when clones of ectopic four-jointed expression were induced, polarity inversions were induced on the equatorial boundary of the clone. The regulation of four-jointed expression is also consistent with a role in eye polarity, and it is expressed at the stage when the polarity signal is required.
Although the above data indicate that Four-jointed plays a role in planar polarity, in many respects it does not appear to fulfil the criteria for being Factor X. First, if Fourjointed is a component of the planar polarity signal it must act in conjunction with other factors, as elimination of fourjointed throughout the animal has little or no effect on polarity. Furthermore, large clones spanning the equator only produce polarity defects at their boundaries ( Figure 3) . Second, the effects of misexpressing four-jointed are detected over a comparatively small number of cell diameters, compared to the results obtained when fringe misexpression is used to induce an ectopic equator [14, 15] . Third, Four-jointed does not appear a likely ligand for Frizzled. All the ligands that interact with Frizzled receptors are proteins of the Wnt family, but none of the characterised Drosophila Wnts can account for the planar polarity activity of Frizzled [16] . Finally, the observed phenotype is one of polarity reversal, not randomised polarity as seen with frizzled mutations.
There are some extenuating possibilities. Frizzled can function redundantly with the related receptor Frizzled 2 in the embryo (see for example [17, 18] ), but its role in planar polarity is unique. The implication of this is that the polarity signal is carried by a ligand that can interact with only Frizzled, and which might have a different structure from the Wnts. It has also been suggested that Factor X might be inhibitory, and it is possible that a Frizzled inhibitor could differ from the Wnts. If this were the case, we would expect a ubiquitous Wnt ligand to activate Frizzled and the graded Four-jointed to inhibit it. It is also possible that Frizzled itself is not the primary receptor for Factor X, although there are no other candidates amongst the planar polarity genes recently cloned.
An alternative scenario is that Four-jointed modifies the activity or movement of Factor X, rather than being the signal itself. For example, if Four-jointed binds to or traps Factor X, its graded distribution could contribute to the activity gradient of the signalling factor. This might be similar to the effects of the proteoglycans that interact with Wingless and potentiate signalling without altering wingless expression, presumably by helping to increase the local concentration and reducing Wingless diffusion [19, 20] . The local change in concentration of a binding factor at the boundaries between mutant and wildtype cells could result in a local discontinuity in the gradient, causing a disturbance in polarity. The result could be a reversal in the slope of the gradient at this point, explainDispatch R157
Figure 3
The diagram on the left shows the graded expression of four-jointed (orange) in the developing eye. The diagrams to the right show the polarity of ommatidia in wild-type eyes -green arrows show the polarity in the dorsal compartment, and purple arrows in the ventral compartment -and polarity defects seen associated with two different mutant four-jointed clones (white regions within the grey background). At the polar edge of the clones, the ommatidia have reversed polarities. The zigzag blue line represents the dorsal-ventral boundary.
ing why the phenotype is one of reversed rather than randomised polarity (although disrupting one component of a Factor X gradient could have a similar outcome).
Whether or not Four-jointed is a component of Factor X, the search for other candidates must go on, as the phenotypes of mutant flies do not appear compatible with Four-jointed being the only signal. As the sequence of the Drosophila genome nears completion, it will be possible to see whether there are any genes encoding Four-jointedrelated proteins (none has been identified at the time of writing). It will also be important to test the effects of generating four-jointed mutant clones and misexpressing four-jointed in the wing and the leg, to determine whether its activity correlates with effects on planar polarity in other tissues. If Four-jointed is a key player, we would expect to find polarity inversions associated with mutant clones in other tissues.
It is perhaps surprising that Factor X has proven so elusive. Polarity defects in the wing can be scored comparatively easily, leading to the identification of many different genes involved in planar polarity. The fact that none of them appears to account for Factor X suggests either that there are several different 'Factor X' genes with overlapping activity or that there is an additional early requirement for Factor X in the embryo, so that its function in polarity can only be uncovered by making clones of mutant cells. Alternatively, we may be barking up the wrong tree -perhaps there is no Factor X. In the wing, it is possible to envisage a mechanism in which direct cell-cell contact acts to spread polarity across the wing field, particularly as proteins such as Flamingo are homophilic adhesion molecules. The more complex organisation of the cells in the eye makes this less attractive, however, and even in the wing it is difficult to build a model that can easily explain how polarity could be propagated in this way.
